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ABSTRACT 
Thermoelectric techniques are sensitive to the slightest variations in material properties 
regardless of the surface finish, shape and size of the material to be tested. This makes it a very 
promising candidate to characterize materials in scenarios where the changes in the material 
properties are so small that they cannot be measured otherwise because of variations in size and 
shape. Unfortunately, inherent measurement errors caused by the imperfect interfacial contact 
between the specimen and the hot electrode in the widely used two-point contact TEP 
measurements adversely affects the accuracy and call for the development of an improved TEP 
measurement technique for reliable material characterization. Permanently fixed electrodes yield 
the best results and are most suitable for long term structural health monitoring. In this work, a 
novel three-point measurement technique is introduced for reliable thermoelectric power 
measurement. The values of the absolute TEP obtained using the deployable three-point 
configuration is compared with the permanently attached configuration to determine the 
accuracy of the measurement. Finally, a computational model is developed to study the effect of 
the imperfect interfacial layer on the three-point measurement technique and better understand 
the obtained experimental results.  
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CHAPTER I 
1. INTRODUCTION 
1.1. STATEMENT OF THE PROBLEM 
Contact thermoelectric techniques are sensitive to the slightest variations in material properties 
regardless of the surface finish, shape and size of the material to be tested. This makes it a very 
promising candidate to characterize materials in scenarios where the changes in the material 
properties are so small that it is otherwise not easily measurable because of variations in size and 
shape. The sensitivity of the TEP measurement technique to the chemical composition has been 
exploited by many engineers and scientists for quite some time now to sort metals [1]. Among its 
many potentials, the TEP measurement technique has also been successfully used for the 
monitoring of precipitation kinetics [2, 3], for the characterization of coating thickness [4] as 
well as for identifying and sorting metals [2]. 
As mentioned previously, the chemical composition of the material exerts the strongest 
influence on the measured thermoelectric power. This makes TEP measurement an ideal 
candidate for the detection of metallic surface inclusions in a specimen. Successful results have 
been obtained using conventional NDT techniques, like ultrasound, X-ray, eddy current [5], for 
detection of non-metallic inclusions in base metals. However, metallic inclusions or 
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heterogeneities are a bit more complex to detect owing to the similarity of the properties which 
they might share with the host metal [6]. Contact TEP is a reliable tool in this case. 
Cast duplex stainless steels used in the nuclear industry are highly susceptible to thermal 
embrittlement after extended service at typical reactor operating temperatures. Thermal aging of 
cast stainless steel alters its mechanical properties and causes an increase in hardness and tensile 
strength and decreases ductility. The shift in the ductile to brittle transition temperature can be 
used as an indicator of the level of material degradation [7]. A close correlation has been 
established between the change in TEP and the shift in the ductile to brittle transition 
temperature. Most of the aging studies require preparation of Charpy specimens followed by 
extensive destructive testing as there are not many reliable NDT tools in this field. The 
assessment of thermal aging and embrittlement of a material, for instance, currently involve 
rigorous testing and extensive sample preparation for accurate characterization [8]. This has led 
to an increased interest amongst the NDE community to develop an NDE technique capable of 
providing an early warning of component deterioration and aid in decreasing the cost involved 
and increasing material utilization. 
Published results indicate that TEP is the most suitable candidate for thermal embrittlement 
studies. Its simplicity and versatility ensures that a very minimal operator training is sufficient 
for the measurements unlike other traditional NDT tools. Multiple experiments have established 
a good correlation between TEP and thermal/irradiation embrittlement [7-13], as well as with 
martensite content [14-16]. TEP is also sensitive to other aging mechanisms, such as hydrogen 
and nitrogen embrittlement [17-19], fatigue damage [20], etc. However, the total change of TEP 
expected after thermal aging even after prolonged exposure is only 1.5 μV/ºC [7-13]. 
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Considering the rather small change in the magnitude of the TEP, the measurement accuracy 
plays a key role in accurate material characterization. 
Unfortunately, the accuracy of contact TEP measurement is limited by the interface 
imperfections between the hot-tip and the sample [21]. In order to overcome the artefacts caused 
by the imperfect interfacial contact, an alternative technique [22, 23] was proposed for 
measuring TEP in a non-contacting manner using a magnetometer or SQUID. However, such 
non-contact TEP measurements are expensive, highly susceptible to environmental disturbances 
like the earth’s magnetic field, electromagnetic noise, etc. This limits the possibility of extending 
the non-contact TEP measurements to industrial conditions. Also, it is difficult to extend such 
measurements to ferromagnetic materials. The contact TEP technique on the other hand is less 
sensitive to environmental disturbances, cost effective, easy to extend to industrial conditions 
and is not limited to a particular family of metals. The only drawback is the limited measurement 
accuracy owing to the imperfect interface between the hot-electrode and the specimen [21]. The 
main goal of the current project is not only damage identification but also sensitivity 
improvement, error reduction and optimization of measurement time. The project aims at the 
development of a new type of contact TEP measurement technique that overcomes the adverse 
effect of the imperfect interface and incorporates the aforementioned requirements. 
1.2. REVIEW OF CONTACT TEP INSPECTION TECHNIQUES 
Thermoelectricity is a physical phenomenon where an electric potential results in a temperature 
gradient or a temperature gradient results in an electric potential. Typically, three physical 
effects, the Seebeck, Peltier and Thomson, are classified as thermoelectric effects. The Seebeck 
effect describes the transfer of a temperature gradient into electricity while the Peltier and 
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Thomson effects, explain the caloric effect of an electrical current at the junction of two different 
metals and the change in the rate of heat transfer of a current carrying conductor with a change in 
temperature, respectively [24-26]. Most of the current thermoelectric NDT techniques are based 
on the Seebeck effect.  
Thermocouples [27] utilize the Seebeck effect to measure the temperature at the junction of 
two dissimilar conductors. The voltage generated as a result of heat injection depends on the 
difference between the respective thermoelectric powers of the contacting metals and the 
junction temperature. Figure 1.1 shows the two-point hot-tip configuration commonly used by 
commercial alloy sorters like the Walker Scientific ATS-6044T for TEP measurement. In this 
setup one of the reference electrodes is heated to a temperature of 100-150 ºC while the other 
electrode is assumed to be at room temperature. The measurement is recorded quickly to ensure 
that the heating is localized around the vicinity of the hot electrode only while the temperature 
throughout the specimen remains unchanged.  
 
Figure 1.1 Standard configuration of the contact thermoelectric measurements as most often 
used in nondestructive materials characterization (from Ref. 21). 
specimen
electrical heating
“cold”
junction
reference
electrodes
~
ΔV
+
_
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    14 
 
1.2.1 Constitutive equations for a general TEP measurement system 
According to the constitutive equation governing the coupled thermal and electric transport in 
conductors, the current density J is determined by the gradients of the electric potential V and 
temperature T as follows [6, 28, 29] 
( )V S T     J , (1.1) 
where σ is the electric conductivity and S is the thermoelectric power. Under insignificant 
electric loading represented by a high input impedance voltmeter the current density vanishes, 
leading to, 
V S T    , (1.2) 
which translates into dV S dT  . The thermoelectric voltage can then be obtained on 
integration of the above equation between the hot and the cold junctions of the circuit   
h
c
c h
T
T
V V V S dT     . (1.3) 
After replacing the relative thermoelectric power of the specimen with respect to the reference 
electrode, S = SSR = SS - SR, the thermoelectric voltage is reduced to the following expression 
[21] 
h
c
S R[ ( ) ( )]
T
T
V S T S T dT   , (1.4) 
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where SS and SR denote the thermoelectric powers of the specimen to be tested and the reference 
electrode, respectively. The measured thermoelectric voltage is approximately proportional to the 
temperature difference between the hot and cold electrodes 
SR h c( )V S T T   , (1.5) 
where the average relative thermoelectric power is 
h
c
SR S R
h c
1
[ ( ) ( )]
T
T
S S T S T dT
T T
 

. (1.6) 
Assuming that the variation of the relative thermoelectric power of the specimen with 
respect to the reference electrode SSR(T) is negligible across the temperatures of the hot Th and 
cold Tc junctions, the above expression can be approximated using Taylor’s series as, 
SR
SR SR( ) ( ) ( ) ...
T
S
S T S T T T
T

   

, (1.7) 
where h c( ) / 2T T T   is the average temperature of the specimen. In this linear 
approximation, 
SR SR ( )
V
S S T
T

 

, (1.8) 
where h cT T T   . In other words, the measured average relative TEP is equal to the relative 
thermoelectric power at the mean temperature. Irrespective of the temperature difference 
between the hot and the cold ends, a thermoelectric emf will only be generated if the specimen 
and the reference materials have dissimilar thermoelectric powers.  
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1.2.2 Effect of imperfect contact interface on two-point hot-tip TEP measurements 
Results from the published literature have shown that significant thermoelectric voltage could be 
measured even when the reference electrodes are made from the very same material as the 
specimen to be tested because of inevitable imperfections of the contact between the reference 
electrodes and the specimen to be tested [21]. Figure 1.2 shows examples of the thermoelectric 
signals measured at Th = 300 °C between identical ‘‘specimen’’ and ‘‘reference’’ electrodes cut 
from the same thin wires of 1–1.5 mm in diameter for seven different materials. 
 
Figure 1.2 Examples of thermoelectric signals from seven thermocouples formed by two 
identical metals compressed together (Th=300 °C) (from Ref. 21). 
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The schematic diagram of the experimental arrangement with the reference electrode heated 
is shown in Fig. 1.3. Both electrodes were of sufficient length to assure that the far ends were 
kept at room temperature. It is seen from Figure 1.2 that even when using the same material as 
the reference electrode and the specimen, a significant thermoelectric signal can be detected 
which can be attributed to the imperfect interfacial contact between the specimen and the 
reference electrode. 
 
Figure 1.3 The model used in analyzing the thermoelectric offset produced by an imperfect 
interface between the heated reference electrode and the specimen to be tested (from Ref. 21). 
It was also concluded that no thermoelectric signals were measured when there was no 
positive or negative temperature gradient occurring at the interface between the sample and the 
reference. The authors also mention that the thermoelectric signals were not eliminated 
completely even after the application of very high contact force between the sample and the 
reference. Thus, it can be safely asserted that for the contact TEP measurement it is possible to 
minimize the effect of imperfect interface by polishing the surface of the specimen to be tested 
and by applying optimum contact force, but the effect cannot be completely eliminated. In the 
next section, the different TEP measurement systems which are currently in use are described 
and their limitations are highlighted. 
 
V
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1.2.3 Different TEP measurement systems 
Various researchers have exploited the sensitivity of thermoelectric inspection to the chemical 
composition of metals. Borrelly et al. [30, 31] designed and developed a two-point contact TEP 
measurement device which is shown in Figure 1.4. 
 
Figure 1.4 Schematic diagram of TEP measurement system designed by Borrelly et al. (from 
Ref. 31). 
The specimen was pressed between two contact points made of copper reference material 
with one end maintained at 15˚C and the other at 25˚C. The temperature of the two junctions are 
determined by thermocouples located underneath the surface of the reference blocks. The TEP 
measurements were taken at a mean temperature of 20˚C. The major drawback of this method is 
that specimen preparation is required prior to testing so that they can be placed in the fixture and 
the measurement accuracy is dependent on the surface profile of the specimen. 
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The idea of Borrelly et al. [30, 31] was echoed by others and a new portable device was 
developed by Coste et al. [32] for TEP inspection of duplex stainless steel components. The 
device consisted of a copper heating electrode, termed as the hot-tip designed in the shape of a 
truncated cone with a plane of radius 0.3 mm, heated by an external heating element. The cold 
electrode, called as the cold touch assumed the temperature of the component itself. A 
thermocouple was inserted in the copper tip for measuring the temperature and a Platinum probe 
was used for temperature regulation. Figure 1.5 shows the schematic diagram of the two-point 
measurement system used for the TEP measurement. An approximate equation for correcting the 
value of the measured thermoelectric power of the specimen after taking into consideration the 
temperature drop at the interface was proposed based on a series of finite element simulations 
[33]. However, the thermal resistance of the contact between the hot-tip and the component was 
neglected for the measurement. The formulation also depended upon the axiality of the contact, 
the applied force and correct surface preparation of the sample.  
The same device was extended for use in an industrial environment. The device was 
strapped on to a stainless steel elbow of a reactor in a French nuclear power plant for TEP 
determination. A contact force of 30 N was maintained between the sample and the device [10]. 
The TEP was measured at an average temperature of 20 ˚C so that the values could be compared 
to the values obtained from the laboratory device developed by Borrelly et al. [30]. Samples 
were prepared from the nuclear reactor and were machined into thin plates so that the TEP could 
be measured using the laboratory device mentioned previously. Table 1.1 summarizes the 
measurement values obtained for different testing conditions. It is seen that there is a substantial 
difference in the measured TEP values in these two environments. It was concluded that the 
electrical environment in the industry affected the measurement which in turn resulted in a 
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systematic error in the measured TEP. Table 1.1 also enables us to directly compare two state of 
the art TEP devices developed by the authors [30, 32]. It is observed that the TEP measurement 
on the thin plates machined from the samples obtained from the nuclear reactor using the 
conventional laboratory device resulted in a standard deviation of 0.05 μV/°C  whereas the 
laboratory measurements using the portable device resulted in a measurement error of 
0.12 μV/°C . 
 
Figure 1.5 Two-point TEP measurement device developed by Coste et al. (from Ref. 32). 
Table 1.1 Comparison of measured values of TEP at different environments (from Ref. 11) 
Designation Apparatus Location TEP (μV/°C ) 
Elbow Portable device Plant 2.81 0.07  
Sampled material Portable device Hot cell 2.55 0.12  
Thin plates Laboratory device Hot cell 2.55 0.05  
    21 
 
The capabilities of the two-point hot-tip TEP measurement device were extended to detect 
surface and subsurface metallic heterogeneities [6], the schematic diagram for which is given in 
Figure 1.6. Depending on the size of the tip, metallic heterogeneities of different sizes and depths 
can be detected [6]. One junction is created with a small piece of copper that is not temperature 
regulated and is termed as the ‘cold touch’. The second one has a truncated cone shape and is 
called ‘hot-tip’. However, sample preparation is essential for accurate measurements. 
 
Figure 1.6 Schematic diagram of the hot-tip thermoelectric power device (from Ref. 6). 
The TEP method was exploited for aging studies by Acosta et al. [13] called as Seebeck 
and Thompson Effects on Aged Materials (STEAM) technique. As the name suggests, the 
technique involved the measurement of Seebeck coefficient to detect the microstructural changes 
induced by embrittlement [8] and other aging mechanisms. The TEP measurement system [13] 
consisted of a measurement chain and an inhomogeneous circuit formed by two copper blocks 
which are maintained at different temperatures: one at room temperature while the other is 
approximately held at 80 ˚C. The sample is positioned over the two copper blocks. The 
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temperature difference between the two ends results in a thermoelectric voltage which was 
measured using a nanovoltmeter and the temperature difference between the two junctions was 
measured in millivolts using another nanovoltmeter using a thermocouple. The major drawback 
of this device is that like the previously discussed devices, the measurement is dependent on the 
surface condition of the test specimen. The measurements can be influenced by variations in 
contact surface cleanliness, presence of foreign materials, and the uniformity and condition of 
paint or other surface coatings. Polishing the surface is a prerequisite to obtain high quality 
measurements. Figure 1.7 shows the TEP measuring device described above.  The standard 
deviation of the TEP measurement varied in the range of 0.08 0.16 V / C   .  
 
 
Figure 1.7 Schematic diagram of the TEP measurement device (from Ref. 8). 
Thus, after a thorough literature survey it is evident that the TEP measurement technique is 
the most versatile and easy to use technique that finds itself in a wide spectrum of material 
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characterization applications. However, it is also clear that for all these devices to yield 
satisfactory results, the surface profile of the specimen and the contact force between the sample 
and the sensing electrode plays a crucial role. Polishing the surface is not always a solution. For 
instance, there might be some surface properties which might be lost on excessive polishing. 
Also, extending these devices to the industry does not look likely in the future if such extensive 
sample preparation is required for TEP measurements. Even when all these conditions are met, 
the effect of the imperfect contact interface cannot be completely eliminated. The only way to 
overcome this adverse effect is to employ separate electrodes for heating and measuring the 
thermoelectric voltage. We propose two techniques called the three-point and the four-point TEP 
measurement techniques which will be the main focus of this thesis. 
1.3. ORGANIZATION OF THE REST OF THE THESIS 
The above work enabled us to better understand the effect of the imperfect contact interface 
between the reference electrode and the specimen. It also helped us to understand that the surface 
condition of the specimen plays a key role in the two-point TEP measurement. 
The next chapter deals with TEP measurements obtained using a commercially available 
Walker Scientific ATS-6044T alloy sorter. Commercial alloy sorters can be used for absolute 
TEP measurements if calibrated properly. The shortcomings of the two-point measurements were 
previously discussed and the results obtained after experimental investigation further corroborate 
the published results. The calibration was performed using reference materials of known absolute 
TEP values. Chapter II starts with the calibration process and discusses ways of reducing the 
adverse effect of the interfacial layer by enhancing the heat transfer between the probe and the 
specimen using thermal conducting compound. 
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Chapter III introduces the most reliable method for TEP measurement. The method 
involves spot welding thermocouple electrodes to the sample. These spot welded electrodes are 
used as sensing electrodes only, while the heat is supplied through a separate path. Two different 
techniques, namely three-point and four-point TEP measurement techniques are introduced. The 
temperature dependence of the absolute TEP of the specimen is then obtained. The experimental 
results from this chapter serve as the baseline readings for the measurements obtained using the 
deployable electrodes. 
Chapter IV deals with the influence of the contact forces and the contact resistance on the 
measured TEP. One junction used spot welded electrodes for sensing while the other end uses 
deployable type-K electrodes for sensing. The contact force between the deployable electrode 
and the specimen was varied so as to identify the optimum force required for reduced random 
errors in the contact TEP measurement. The second part of the chapter studies the effect of 
electrical and thermal contact resistance on the measured TEP of the sample after a series of 
experiments. 
Two different deployable configurations were developed to carry out the TEP 
measurements. One configuration was suitable to obtain the TEP for a flat surface while the 
other involved a spring loaded assembly and is an ideal candidate for thermoelectric inspection 
for uneven surface profiles. Chapter VI summarizes the results obtained after using these 
configurations for measuring the TEP of an Inconel 100 sample and compares the obtained 
results with the spot welded configuration. 
Chapter VII discusses the results obtained from a series of FE simulations that were carried 
out after incorporating the constitutive equations governing thermoelectricity. The simulations 
were carried out using COMSOL. The temperature dependence of the Seebeck coefficients of 
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Alumel and Chromel of the type-K thermocouple was incorporated for the computational model. 
The effect of the imperfect contact interface on the TEP measurements was studied. 
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CHAPTER II 
2. TWO-POINT THERMOELECTRIC MEASUREMENT 
2.1. EFFECT OF IMPERFECT CONTACT INTERFACE 
The inevitable imperfection of the contact interface adversely affects the accuracy of contact 
TEP measurements and therefore the sensitivity of the thermoelectric technique to small 
variations in material properties. Figure 2.1 shows a schematic diagram of the standard “hot-tip” 
TEP measurement. It should be emphasized, that the two thermocouples in the reference 
electrodes are thermally coupled to, but electrically isolated from the electrodes. 
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In analogy to the two-point resistance measurements this configuration will be referred to 
as the two-point TEP measurement. It is well known that two-point resistance measurements are 
adversely affected by the contact resistance between the electrodes and the specimen as the 
injected current flows through the same contact electrodes that are also used for measuring the 
resulting potential drop. In this way, the potential drop through the uncertain contact resistances 
is added to the potential drop through the specimen. Therefore, the measured resistance will be 
the sum of the sought specimen resistance and the two unknown and highly variable contact 
resistances. Because of the usually very high input resistance (> 100 MΩ) of the voltmeter used 
to measure the thermoelectric potential difference, the electric contact resistance, which is 
typically between 0.1 and 10 Ω, has negligible influence on the accuracy of contact TEP 
measurements. While the electric current flowing through the contact resistances is completely 
 
Figure 2.1 Schematic diagram of the so-called “hot-tip” two-point thermoelectric 
measurement. 
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negligible, the parallel heat flow is not, especially not through the contact between the hot 
electrode and the specimen since the specimen is heated by the hot electrode through that 
contact. Let us denote the thermal conductance between the specimen and the hot and cold 
electrodes by kh and kc, respectively. The heat flux through these interfaces can be crudely 
estimated by neglecting thermoelectric coupling as follows 
( ) ( )
h h h h h h
( )h k T k T T
 
    , (2.1) 
and 
( ) ( )
c c c c c c( )h k T k T T
 
    . (2.2) 
It should be noted that air-cooling is produced over the whole surface of the specimen, 
while forced heating is achieved solely through the imperfect contact interface between the hot 
electrode and the specimen. The temperature drop is negligible at the tip of the cold electrode, 
but not at the tip of the warm electrode. Under such conditions, the measured thermoelectric 
potential difference between the two electrodes is 
(-) (+)
c 0h h
(-) (+)
0 c
h h
R S I R( ) ( ) ( ) ( )
T TT T
T T T T
V S T dT S T dT S T dT S T dT        , (2.3) 
where T0 is the temperature at the connections of the voltmeter and SI is the effective TEP of the 
imperfect contact interface between the hot electrode and the specimen. After some algebra, 
(-) (+)
h h
(-)
c
h
SR IR( ) ( )
T T
T T
V S T dT S T dT    , (2.4) 
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where SIR = SI – SR denotes the relative thermoelectric power of the contact “material” to the 
reference material. Since, 
(-)
hh
T T , the measured thermoelectric signal can be approximated as 
SR IR h h( ) ( )V S T T S T T     . (2.5) 
These results suggest that the imperfect contact between the hot electrode and the specimen 
under tests causes a temperature drop 
( ) ( )
h h h
T T T
 
    through the interface, which in turns 
leads to a measurement error that cannot be easily suppressed except for minimizing ΔTh. 
To the best of our knowledge and from a detailed literature review discussed in the 
preceding chapter, most of the currently available TEP measurement systems employ the two-
point hot-tip contact for thermoelectric characterization of the material. As mentioned before, the 
change in the magnitude of TEP after prolonged material usage is only about 1.5 μV/ºC. 
However, the measurement error involved in the standard two-point hot tip measurement 
technique is about  0.1 μV/°C  as concluded from the literature survey from Chapter I. 
2.2. EXPERIMENTAL DETERMINATION OF TEP 
Absolute thermoelectric power measurements were made for 304 austenitic stainless steel using 
a calibrated Walker Scientific ATS-6044T Alloy Sorter using gold as the hot reference electrode 
and copper as the cold reference electrode. The alloy sorter can be used to measure the absolute 
thermoelectric power of a specimen after proper calibration. The calibration chart is given in 
Figure 2.3. The absolute TEP of four well known materials namely Alumel, Copper, Ti-6Al-4V 
and Chromel is well documented in literature. The Walker Scientific Alloy Sorter is calibrated 
with respect to these absolute TEP values. From Figure 2.2 it is observed that the absolute TEP is 
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linearly dependent on the readings obtained from the alloy sorter. The data can therefore be 
modelled using a simple linear interpolating function whose general form can be given by 
0  ,abs R SS    (2.6) 
0.0617   2.0625 ,abs RS     
where absS  is the absolute TEP of the specimen which is measured using the Walker Scientific 
Alloy Sorter ATS-6044T and R is the reading that is obtained from the alloy sorter. The 
measurements were taken when the hot electrode attained a temperature, 125 °C.hT   After 
using the linear interpolating function it is observed that 20.0617μV/°C   and 
0  2.0625 μ C= V/°S . 
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Figure 2.2 Calibration chart for the Walker Scientific Alloy Sorter ATS-6044T when 
125 °C.hT   
 The thermoelectric voltage data was acquired over a 1.5 C   range of the nominal 
temperature using linear regression. Figure 2.3(a) shows the 304 austenitic stainless steel 
specimen whose thermoelectric power was determined using the Walker Scientific ATS-6044T 
Alloy Sorter. A total of 100 measurements were taken at different locations and the TEP value 
was averaged. It was observed that the standard deviation of the readings was 112 nV/ºC. The 
TEP of the 304 austenitic stainless steel specimen was measured again but this time with 
Silicone grease applied to the surface of the hot reference electrode to facilitate improved heat 
transfer between the heating element and the specimen. Like before, 100 readings were taken and 
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the average TEP of the austenitic stainless steel specimen was computed. However, the 
application of the silicone grease reduced the standard deviation of the readings from 112 nV/ºC 
to 77 nV/ºC. Figure 2.3(b) shows the image of the TEP probe with silicone grease applied to the 
hot electrode. The experiments were carried out again after polishing the surface of the austenitic 
stainless steel specimen and it was observed that after polishing the standard deviations further 
reduced to 72 nV/ºC without silicone grease and 61 nV/ºC with silicone grease.  
 
                           (a)                                                                               (b) 
Figure 2.3 Images of the TEP probe without (a) and with (b) silicone grease applied to the hot 
electrode. 
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Figure 2.4 Comparison of TEP measurements on an SS 304 block before and after 
polishing with and without silicone thermal grease applied to the hot tip of the 
instrument. 
2.3. CONCLUSIONS 
The application of the thermal grease significantly reduces the thermal contact resistance 
between the heating element and the specimen, the adverse effect of which is very difficult to 
suppress in two-point hot-tip TEP measurements. Although the non-conducting silicone grease 
increases the electrical contact resistance, the adverse effect of which is sufficiently suppressed 
by the high input impedance voltmeter that is used for measuring the thermoelectric voltage. 
Another important point to be noted is that neither the application of silicone grease nor 
polishing the surface affected perceivably the measured average TEP of the sample. Thus, it is 
seen that application of a thermally conductive layer between the specimen and the hot-tip 
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effectively decreases the temperature drop across the imperfect interface and is the simplest and 
most effective way to reduce the random uncertainty in contact TEP measurements. It is also 
concluded that even after the application of very high contact force and ensuring proper surface 
conditions of the specimen to be tested, there exists a measurement error that cannot be 
completely eliminated and is attributed to the imperfect contact interface that exists between the 
specimen and the sample. This problem can be efficiently bypassed by using separate heating 
and voltage sensing elements. The subsequent chapters deal with the design and development of 
novel three- and four-point measurement systems for more accurate TEP measurements. 
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CHAPTER III 
3. THREE- AND FOUR-POINT SPOT WELDED CONFIGURATION 
3.1. TEP MEASUREMENTS USING SPOT WELDED ELECTRODES 
As mentioned earlier, the accuracy of conventional two-point TEP measurement is limited by the 
relatively large heat flux flowing through the imperfect contact interface between the hot 
electrode and the component to be tested. To minimize this effect, an improved TEP measuring 
setup is discussed in this section. Figure 3.1 shows a schematic diagram of the three-point 
thermoelectric measurement. A separate third contact is introduced for injecting heat in the 
vicinity of the hot electrode. The “hot electrode” is used to measure the temperature alone and is 
not used as an active heating element. Thus, for the three-point measurement configuration a 
separate electrode is used to inject heat and two separate electrodes are used to measure the 
junction temperatures. Figure 3.2 shows a schematic diagram of the four-point thermoelectric 
power measurement. The four-point configuration is an extension of the three-point 
configuration and uses two separate heating elements to alternatively heat the two electrodes. 
This arrangement works in a similar way to the familiar four-point electric resistance 
measurement configuration with the exception that heat is injected instead of electric current. 
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Figure 3.1 Schematic diagram of the three-point thermoelectric measurement with thermocouple 
reference electrodes. 
 
Figure 3.2 Schematic diagram of the four-point thermoelectric measurement with thermocouple 
reference electrodes. 
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3.2. EXPERIMENTAL SETUP 
The previous section concluded that accurate determination of the junction temperature is crucial 
for TEP measurement. This can be most easily achieved by spot welding thermocouple elements 
to the surface of the specimen. Thermocouples have low heat capacity and fast response rate to 
the changing temperature and this makes them a suitable candidate for this ongoing project. The 
experimental setups for the three-point and four-point configurations are similar. The setup 
consists of the specimen to be tested and two pairs of type-K thermocouple wires attached to it. 
In case of the four-point configuration the electrode pairs are cyclically heated while the three-
point configuration captures the thermoelectric potential difference generated after localized 
heating in the vicinity of one electrode only. The setup for the three-point configuration is similar 
to the one employed in [35]. The heating elements can be selected based on the size of the 
specimen. They can vary from small strain gages to very high power heating elements for 
specimens of considerable thermal mass. In the experiments that were carried out in our lab, an 
Inconel 100 specimen of approximately 10.5 cm 5 cm 1 cm   was used. A 50 Ω power resistor 
served as the heating element(s). The Inconel 100 sample was able to attain an average 
temperature of approximately 65 °C after heating it using just one 50 Ω power resistor when a 
voltage of 30 V was supplied to the resistor dissipating a power of 18 W in the process. 
We used type-K thermocouples with C denoting the “positive” Chromel wire 
(SC+22.3 µV/ºC) and a denoting the “negative” Alumel wire (SA−18.5 µV/ºC). Equations 
(3.1) through (3.2) give the relationship between the measured voltage and temperature. 
1
0
A1 S1 A ( )
T
T
V V S T dT   , (3.1a) 
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1
0
C1 S1 C ( )
T
T
V V S T dT   , (3.1b) 
2
0
A2 S2 A ( )
T
T
V V S T dT   , (3.1c) 
2
0
C2 S2 C( )
T
T
V V S T dT   , (3.1d) 
2
1
S1 S2 S( )
T
T
V V S T dT   . (3.1e) 
Four voltage differences are measured by a sensitive micro voltmeter with thermocouple wire 
connections kept at a T0 reference temperature which was measured as 26.5 °C. 
1
0
1 C1 A1 CA CA 1 0( ) ( )
T
T
V V V S T dT S T T      , (3.2a) 
2
0
2 C2 A2 CA CA 2 0( ) ( )
T
T
V V V S T dT S T T      , (3.2b) 
2
1
3 A1 A2 SA SA 2 1( ) ( )
T
T
V V V S T dT S T T      , (3.2c) 
2
1
4 C1 C2 SC SC 2 1( ) ( )
T
T
V V V S T dT S T T      . (3.2d) 
The temperature difference between the two sensing points on the specimen is 
2 1
2 1
CA
V V
T T
S
  
  . (3.3) 
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The average absolute TEP of the specimen SS  can be calculated separately from two voltage 
measurements and the two temperature measurements as follows 
3
S A
2 1
V
S S
T T

 

, (3.4a) 
4
S C
2 1
V
S S
T T

 

. (3.4b) 
Since the four measurements are redundant ( 1 2 3 4 0V V V V        ), the best accuracy 
can be achieved by averaging the two values obtained from Eqs. (3.4a) and (3.4b) as follows 
3 4 A C
S
2 12( ) 2
V V S S
S
T T
   
 

. (3.5) 
In terms of the measured voltages, the final result could be obtained from Eqs. (3.3) and (3.5) 
3 4 C A A C
S
2 1
( ) ( )
2( ) 2
V V S S S S
S
V V
    
 
  
. (3.6) 
Low-tolerance type-K thermocouple wires were spot welded to the Inconel 100 specimen. 
An Omega TL-WELD thermocouple welder was used to spot-weld the type-K thermocouple 
wire to the surface of the sample. This method of attaching thermocouples to metal components 
is widely used in industry and our investigation revealed that, after optimization of the energy 
level of the welding current pulse, the penetration depth of the fusion zone is superficial and no 
significant microscopic change occurs in the surrounding heat-affected zone of the specimen. 
The thermocouple wires were connected to a 16-channel Stanford Research SR630 thermocouple 
monitor. Each of these input channels can be separately programmed to operate in either 
thermometer or simple voltmeter mode. In our case, for monitoring the TEP of a single Inconel 
100 specimen only the first four channels were used. The first two channels operated in 
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thermometer mode while the third and the fourth channels operated in voltmeter mode. For the 
three-point measurement configuration one 50 Ω power resistor was glued to the surface of the 
specimen adjacent to one of the spot welded thermocouple electrodes. For the four-point spot 
welded configuration two 50 Ω power resistors were glued to the surface of the specimen. Each 
resistor was positioned adjacent to the spot welded thermocouple electrodes. The specimen was 
placed on a copper heat sink to stabilize the temperature cycles and to avoid getting overheated. 
Figure 3.3 shows the heating elements glued adjacent to the thermocouple electrodes.  
 
Figure 3.3 K-type thermocouples spot welded to Inconel 100 specimen and power resistors used 
as heating elements. 
The heating elements were connected to a P6100 programmable power supply and a 
dedicated LabView program was written to control the power supply and to simultaneously 
acquire the data from the thermocouple monitor. 
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3.3. SPOT WELDED THREE-POINT TEP MEASUREMENT 
As mentioned before, for the three-point measurement technique only one of the sensing 
electrodes is heated by its adjacent heating element. That is, only one 50 Ω power resistor was 
connected to the power supply. The power supply was increased from 15 V to 30 V in steps of 1 
V with a hold time of 8 minutes for each voltage. The voltage was then decreased from 30 V to 
15 V in steps of 1 V. This procedure could be assumed as a quasi-static process and ensures 
effective capturing of data in the intermediate temperature zones and also aids in minimizing the 
transient temperature state. Figure 3.4 plots the recorded average temperature of the specimen 
versus time while subjecting the specimen to thermal cycling using just one heating element. 
Figure 3.5 represents the variation of the absolute TEP and the average temperature of the 
specimen with respect to time. The absolute TEP is calculated from Eq. (3.5). A clear correlation 
between the two data sets presents itself; changes in the average temperature correspond with the 
variation in the TEP data. Figure 3.6 displays the plot of the absolute TEP of the Inconel 100 
specimen as a function of the average temperature after application of multiple heating cycles to 
the specimen. A threshold for the temperature difference between two junctions was set at 10 °C, 
below which the data was neglected. For Chromel the nominal thermoelectric power, SC = 22.3 
µV/ºC was used while for Alumel the nominal thermoelectric power, SA = -18.5 µV/ºC was used 
to calculate the absolute TEP of the Inconel 100 specimen. It can be observed that over the 40 ºC 
to 65 ºC temperature range the TEP versus average temperature demonstrates an approximately 
linear relationship as a result of which a first order interpolating function can serve as a very 
good approximation to model the dependence of the absolute TEP of Inconel-100 on the average 
temperature. 
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Figure 3.4 Thermal cycles applied to the specimen. 
 
Figure 3.5 Absolute TEP and average temperature plots obtained by heating the specimen. 
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Figure 3.6 Absolute TEP versus average temperature obtained after multiple heating cycles. 
The following linear regression equation can be used to fit the data: 
SR SR 0 0( ) ( ) ( )S T S T T T   , (3.7) 
where 0 0 CT    and the slope β=0.0173 µV/°C
2 is obtained from the regression analysis. It can 
be immediately observed from Figure 3.6 that the scattering of the data points decreases with 
increasing temperature because of the lower relative random error at higher temperatures. 
 
3.4. SPOT WELDED FOUR-POINT TEP MEASUREMENT 
The thermocouple electrodes were alternatively heated in the four-point measurement 
configuration and the resulting thermal cycle is shown in Figure 3.7. Power was alternated 
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between the two heating elements every 10 minutes so that the average temperature of the 
Inconel 100 specimen remains essentially the same. 
 
Figure 3.7 Thermal cycles applied to the specimen during the four-point measurement. 
Figure 3.8 plots the variation of the absolute thermoelectric power of Inconel 100 specimen 
with the average temperature. The standard deviation of the TEP measurements on using the 
four-point measurement technique with spot welded thermocouple elements was found to be 
approximately 0.022 µV/ºC when compared to the ±0.1 µV/ºC measurement error obtained after 
using the conventional two-point hot-tip contact. Also, the absolute TEP of the Inconel 100 
specimen at 62 ºC is approximately 14.155 µV/ºC from the four-point measurement. The data 
obtained after using the linear regression function from the previously concluded three-point 
measurement technique estimates the absolute TEP of the Inconel 100 specimen as 14.14 µV/ºC 
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at 62 ºC. The line named ‘expected trend from Fig. 3.6’ corresponds to the linear interpolating 
function obtained using the three-point spot welded configuration. 
 
Figure 3.8 Absolute TEP versus average temperature obtained using the four-point measurement 
configuration. 
These baseline TEP measurements were obtained using spot welded three- and four-point 
configurations. The subsequent sections deal with the development of a deployable three-point 
TEP measuring configuration using low-tolerance type-K thermocouple as the temperature and 
voltage sensing electrodes. Before developing a full-fledged deployable three-point measurement 
system, preliminary studies were conducted by using a combination of spot welded and 
deployable configuration to study the effect of contact forces, thermal contact resistance and 
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electrical contact resistance on the contact TEP measurement which is the main topic discussed 
in the next chapter.  
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CHAPTER IV 
4. INFLUENCE OF CONTACT FORCE AND CONTACT RESISTANCE 
ON TEP MEASUREMENTS 
4.1. DEPLOYABLE AND SPOT WELDED THREE-POINT 
CONFIGURATION 
Based on the three-point spot welded configuration, a deployable probe consisting of Alumel and 
Chromel thermocouple elements in a Plexiglas fixture was designed and developed. The 
experimental setup is shown in Figure 4.1. This is done prior to developing a full-fledged 
deployable three-point setup to study and survey the influence of different parameters 
influencing the measured thermoelectric signal. From Chapter I it can be asserted that the surface 
of the specimen, the contact forces and the contact resistance play an important role in the 
contact TEP measurement. 
4.2. EFFECT OF CONTACT FORCE 
The experimental arrangement is the same as the one used in Section 3.2 with an exception that 
one of the spot-welded thermocouple electrodes is replaced by a deployable thermocouple pair. 
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The deployable electrode is placed adjacent to the heating element as shown in Figure 4.1(a). 
Figure 4.1(b) shows the deployable probe developed for the experiment using a Plexiglas casing 
and type-K thermocouple. 
 
 (a) (b) 
Figure 4.1 The experimental setup and the deployable thermoelectric probe developed. 
The voltage supplied to the power resistor was varied from 28 V to 30 V in steps of 1 V 
with a hold time of 8 minutes for each voltage. The voltage was then decreased from 30 V to 28 
V in steps of 1 V with the same hold time for each interval. The voltage cycle was repeated for 
approximately 3-4 hours. The procedure was repeated for different contact forces. In this 
experiment three different masses of 1 kg, 0.5 kg and .2 kg were used. Figure 4.2 shows the 
variation of the average temperature and the absolute TEP of the Inconel 100 specimen when a 
contact force of approximately 10 N (1 kgf) was applied. The ‘expected trend from Fig. 3.6’ line 
corresponds to the linear fit to the data obtained by the most reliable method (spot welded) 
electrodes. 
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Figure 4.2 Variation of measured TEP and average temperature with time for 1 kgf contact force. 
Figures 4.3 and 4.4 show the variation of average temperature and absolute TEP with 
contact forces of 5 N (0.5 kgf) and 2N (0.2 kgf) respectively. 
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Figure 4.3 Variation of measured TEP and average temperature with time for 0.5 kgf contact 
force. 
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Figure 4.4 Variation of measured TEP and average temperature with time for 0.2 kgf contact 
force. 
It is observed that as the contact force between the electrodes and the specimen is 
decreased, the coherent relationship between the average temperature and the absolute 
thermoelectric power is replaced by increased randomness. Figure 4.5 summarizes the variation 
of the absolute TEP with the average temperature for different contact forces. This is in contrast 
with two-point measurements which exhibit a systematic error that increases with decreasing 
contact force. 
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Figure 4.5 Variation of TEP with average temperature for different contact forces. 
4.3. EFFECT OF ELECTRICAL CONTACT RESISTANCE 
Another parameter whose influence is to be minimized for accurate contact TEP measurements 
is the contact resistance. The contact resistance can be classified into highly variable thermal and 
electrical contact resistances. They are uncoupled for our experimental study. The electrical 
contact resistance usually varies between 0.1 Ω for extremely good contact to about 10 Ω for 
extremely poor contact. To establish the exact range through which the electrical contact 
resistance varies in our case, two Inconel 100 specimens with different surface roughness were 
taken. Commercially available two-point thermoelectric probe with gold and copper electrodes 
manufactured by Walker Scientific Inc. was used with the gold and copper sensing electrodes 
being connected to two different terminals of Keithley 2000 high precision multimeter to 
13.8
14.0
14.2
14.4
14.6
54.0 54.5 55.0 55.5 56.0 56.5 57.0
A
b
so
lu
te
 T
h
er
m
o
el
ec
tr
ic
 P
o
w
er
 [
µ
V
/°
C
]
|
Average Temperature [°C]
  1kgf
  0.5kgf
  0.2kgf
  expected trend from Fig. 3.6
    53 
 
measure the contact resistance between the electrodes and the specimen. The magnitude of the 
electrical contact resistance was obtained by changing the contact force. The surface of the 
specimens was later coated with industrial grease and the resulting contact resistance was also 
measured. It was observed to fall between the ranges of 0.1 Ω-2 Ω. Figure 4.6 shows the 
experimental setup that was used to determine the electrical contact resistance. The results of the 
experiment are summarized in Figure 4.7. The contact force was considered “high” when the 
applied force was more than 1 kgf, while the contact force was considered “low” when the 
applied force was less than 0.3 kgf. Thus, from our study, it can be seen that the contact 
resistance varied from 0.1 Ω-2 Ω for different levels of contact forces. 
 
 
Figure 4.6 Setup for determining the electrical contact resistance. 
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Figure 4.7 Contact resistance of Inconel 100 considering different parameters. 
To establish the dependence of the measured thermoelectric voltage on the electrical 
contact resistance, two different resistors of 12 Ω and 120 Ω were used in separate experiments. 
The resistors were connected in series to the wires carrying the thermoelectric voltage signals to 
check if the presence of such outlying high resistances impedes the measured thermoelectric 
signal. It is to be noted that the selected resistors have one to two orders higher resistance than 
the measured highest electrical contact resistance. The TEP of Inconel 100 specimen was 
obtained by using the previously illustrated three-point measurement technique and the results 
obtained from the experiment are summarized in Figure 4.8. It is observed that even if the 
magnitude of the resistance is increased by an order or two the thermoelectric signal remains 
practically unchanged owing to the very high input impedance of the voltmeter. Thus, it is 
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concluded that the effect of electrical contact resistance is negligible on contact TEP 
measurements. 
 
Figure 4.8 Plot of absolute TEP of Inconel 100 versus average temperature for different contact 
resistances. 
4.4. EFFECT OF THERMAL CONTACT RESISTANCE 
Unlike the electrical contact resistance, the effect of thermal contact resistance cannot be 
neglected. To study the effect of thermal contact resistance, transistor thermal pads procured by 
NTE Electronics Inc. were used to mimic the imperfect interface thereby causing a significant 
drop in the temperature gradient between the spot welded and the deployable thermocouple pairs. 
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The thermal pads were sandwiched between the surface of the specimen and the heating element 
as shown in Figure 4.9. Each thermal pad was 0.009 inch thick and the experiment was repeated 
by stacking multiple layers of thermal pads to further decrease the difference in junction 
temperatures between the two sensing electrodes. In our experiment, the measurement was 
repeated after inserting 1, 3 and 6 layers of thermal pads. As described previously, for the two-
point hot-tip measurement the temperature at the surface of the specimen and the tip of the hot 
electrode at the point of contact is different which in turn leads to an error in the resulting 
measurement. In the current three-point measurement technique the thermal contact resistance is 
minimized by using different heating and sensing contacts. The deployable electrode pair was 
placed adjacent to the heating element and the three-point measurement technique was used to 
obtain the absolute thermoelectric power of Inconel 100. 
 
Figure 4.9 Thermal pads inserted between the heating element and the specimen. 
Figure 4.10 plots the variation of the absolute TEP of the Inconel 100 specimen as a 
function of the average temperature when different layers of thermal pads were inserted between 
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the specimen and the heating element. It was observed that as the number of thermal pads 
between the specimen and the heating element increases, the measured values also increase. 
However, the change in the measured values can be attributed mainly to the decreasing 
temperature at which the measurements are recorded and not because of a systematic error caused 
by the imperfect interfacial contact between the sensing electrode and the specimen. 
 
Figure 4.10 Absolute TEP versus average temperature for different layers of thermal pads. 
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CHAPTER V 
5. DEPLOYABLE CONFIGURATION FOR TEP MEASUREMENT 
5.1. DEPLOYABLE THREE-POINT CONFIGURATION 
The results obtained in the previous chapter established that a good contact force and a sufficient 
temperature gradient between the two sensing electrodes are required to reduce the measurement 
error of contact TEP measurements. The following section discusses the results obtained after 
using the deployable electrodes that use the three-point measurement. The spot welded-
deployable configuration used in the previous section was replaced by a full-fledged deployable 
configuration. Two deployable configurations were developed. The first configuration uses 
electrodes that are suitable for testing flat surfaces while the other configuration involves a 
spring loaded assembly and is suitable for testing specimens having irregular surface profiles. 
Figure 5.1 shows two deployable thermocouple electrodes positioned on either side of the 
specimen. The specimen is heated with one heating element positioned adjacent to one of the 
deployable electrodes. The variation of the absolute TEP with the average temperature after the 
three-point measurement is shown in Figure 5.2. The experiment was performed for two 
different contact forces of 0.5 kgf and 1 kgf. 
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Figure 5.1 Deployable electrodes used for TEP measurement. 
 
Figure 5.2 Absolute TEP versus average temperature of Inconel 100 obtained using deployable 
electrodes. 
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5.2. SPRING LOADED DEPLOYABLE THREE-POINT CONFIGURATION 
The second configuration involved the development of a spring loaded sensing electrode 
assembly. The spring loaded assembly is shown in Figure 5.3. Figure 5.3(a) shows the spring 
loaded electrode assembly while Figure 5.3(b) shows the experimental setup. Figure 5.4 shows 
the results obtained from the spring loaded configuration after the three-point measurement using 
a 50 Ω power resistor as the heating electrode. 
It is to be noted that for the experiments carried out using the spring loaded electrodes, a 
new pair of type-K electrodes were procured from Omega Inc. This is the reason why the data 
obtained from the linear interpolating and the data obtained from the spring loaded electrodes are 
not overlapping. These two plots are parallel to each other, which means that the resulting 
absolute TEP of the Inconel 100 specimen is offset by a value that is equal to the change in the 
nominal TEP values of the Alumel and Chromel electrodes of the new batch. 
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(a) 
 
(b) 
Figure 5.3 The spring loaded configuration (a) and the experimental arrangement (b). 
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Figure 5.4 Absolute TEP vs average temperature for Inconel 100 specimen obtained using spring 
loaded electrodes. 
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CHAPTER VI 
6. NUMERICAL MODELING AND VALIDATION 
6.1. CONSTITUTIVE EQUATIONS GOVERNING THERMOELECTRICITY 
This section deals with the results obtained by numerically modeling the experimental setup 
using the commercial FEA package COMSOL. The coupled heat transfer and electric current 
equations used for the simulation are as follows 
S T V k T    Q , (6.1) 
V S T     J , (6.2) 
where  
J is the electrical current density, 
Q is the thermal flux, 
T is the temperature, 
V is the electric potential, 
k  is the thermal conductivity for zero electrical field, 
S is the Seebeck coefficient, 
  is the electrical conductivity measured at uniform temperature. 
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The governing equations for modeling thermoelectric effect, assuming steady state conditions are 
given by Equations (4) and (5) 
0 J , (6.3) 
0 Q . (6.4) 
The above equations were implemented in COMSOL by coupling the heat transfer module and 
the electric current module using the constitutive relationship given by making use of Equations 
(6.1) and (6.2). The temperature dependent Seebeck coefficient of Inconel 100 was extracted 
from the experimental data and was interpolated using a linear interpolating function. Figure 6.1 
plots the variation of absolute TEP of Inconel 100 with the average temperature. The properties 
of Inconel 100, Alumel and Chromel used for the numerical model are listed in Table 6.1. 
 
Table 6.1 Properties of Inconel 100 and Alumel that were used for the computational model 
Properties Inconel 100 Alumel Chromel 
k [W/m˚C] 10.67 29.7 19.2 
ρ [kg/m3] 7910 8610 8730 
Cp [J/kg˚C] 467 523 448 
σ [S/m] 7.72×106 3.4×106 1.42×106 
S [µV/˚C] 14.0* -18.5* 22.3* 
* Assumed to be temperature dependent 
 
    65 
 
 
Figure 6.1Variation of Seebeck coefficient of Inconel 100 with temperature after linear 
interpolation. 
6.2. TEMPERATURE DEPENDENT SEEBECK COEFFICIENTS OF 
ALUMEL AND CHROMEL 
It is to be noted that for the experiments carried out in the laboratory the absolute TEP of the 
Inconel 100 specimen was calculated with respect to the approximated absolute thermoelectric 
powers of Chromel (SC+22.3 µV/ºC) and Alumel (SA−18.5 µV/ºC). This does not affect the 
accuracy of the measurement because of (i) the very small temperature range of the 
measurements making the variations negligible and (ii) the values are just offset by a constant 
value from the relative TEP of Inconel 100 with respect to the type-K thermocouple. However, 
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for the numerical model the temperature dependence of the Seebeck coefficients of Alumel and 
Chromel were taken into consideration. A fifth order interpolating function was used to model 
the variation of the Seebeck coefficients of the type-K thermocouple elements with the 
temperature.  The Seebeck coefficient of the Type-K thermocouple [27], SCA is well recorded 
and was obtained from the National Bureau of Standards handbook [34]. Figure 6.2 plots the 
variation of SC-SA with temperature. The temperature range is limited to 100 ˚C. The data points 
were fitted with a fifth order polynomial, the general form for which is given by 
5 4 3 2
C AS S aT bT cT dT eT f       , (6.5) 
where  
10 6 = 1.32 10 µV / Ca   , 
8 5 = 2.64 10 µV C /b    , 
7 4 = 6 10 / C µVc   , 
34 = 1.96 10 µV C /d    , 
22 = 4.58 10 µV / Ce   , 
 = 39.5  µV/ Cf  . 
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Figure 6.2 Variation of SC-SA with temperature after using a fifth order polynomial as the 
interpolating function. 
It was relatively difficult to obtain the absolute TEP values of Alumel and Chromel for 
different temperatures and reliable data was obtained for 3 different temperatures, namely 0 ˚C, 
20 ˚C and 100 ˚C from the published literature [26]. The absolute themoelectric powers of 
Alumel and Chromel at the above mentioned temperatures are given in Table 6.2.  
Table 6.2 Absolute Seebeck coefficients of Alumel and Chromel obtained from literature 
Temperature 
[˚C] 
SAlumel 
[µV/˚C] 
SChromel 
[µV/˚C] 
SA+SC 
[µV/˚C] 
0 -17.7 21.8 4.1 
20 -18.2 22.2 4 
100 -20.1 20.8 0.7 
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The variation of SC+SA for 0-100 °C temperature range was modeled using a quadratic 
interpolating function whose general form can be given by 
2
A CS S aT bT C    , (6.6) 
 where 
3 = 0.0004 µV/ Ca   , 
2 = 0.0022 µV/ Cb  , 
 = 4.1 µV/ Cc  . 
Figure 6.3 plots the varation of SC+SA with the average temperature after quadratic interpolation. 
The absolute TEP of Alumel and Chromel are obtained from Eqs. (6.5) and (6.6). SC interpolated 
in Figure 6.4 plots the temperature dependent TEP of Chromel while SA interpolated in Figure 
6.5 plots the temperature dependent TEP of Alumel. The ‘SA approximated’ and ‘SC 
approximated’ data sets plotted in Figures 6.4 and 6.5 correspond to the absolute TEP values of 
Alumel and Chromel taken for the experimental determination of absolute TEP of Inconel 100. 
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Figure 6.3 Variation of SC+SA with temperature after using a second order polynomial as the 
interpolating function. 
 
Figure 6.4 Variation of Seebeck coefficient of Chromel with temperature after interpolation. 
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Figure 6.5 Variation of Seebeck coefficient of Alumel with temperature after interpolation. 
6.3. COMPUTATIONAL MODELING USING COMSOL 
Figure 6.6 shows the 3-D geometry created using COMSOL 4.4. The model consists of two pairs 
of type-K thermocouples, the Inconel 100 sample and a copper block which acts as a heat sink. 
The bottom surface of the Inconel 100 specimen is kept in contact with the copper block. The 
exposed surfaces experience heat transfer to the surrounding atmosphere through convection. In 
the computational model, temperature between the ranges of 70 °C-85 °C was imposed on a 
rectangular surface that was designed to act as the heating element. The Alumel and the Chromel 
electrodes were thermally insulated and the ends were kept at a reference temperature of 0 °C. 
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Figure 6.6 The 3-D model created in COMSOL. 
The temperature distribution obtained from the analysis is shown in Figure 6.7. In the first 
series of simulations, a perfect contact was assumed between the thermocouple electrodes and 
the Inconel 100 specimen, i.e., no interfacial layer was present between the sensing electrodes 
and the specimen. This configuration is comparable to the spot welded three-point measurement 
configuration previously discussed. For determining the voltages developed as a result of the 
Seebeck effect, the Alumel and the Chromel electrodes were electrically insulated and the end of 
one of the Alumel electrodes which was kept at a reference temperature of 0 °C was electrically 
grounded. No external current or voltage was applied to the model. The voltage-temperature 
relationship for the type-K thermocouple is well documented and was obtained from the 
handbook provided by the the National Bureau of Standards. Figure 6.8 plots the temperature-
voltage relationship for the type-K thermocouple. Based on this relationship the temperature was 
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calculated from the measured differential voltage from the Chromel-Alumel pair. A fifth order 
interpolating function was used to model the data. 
 
Figure 6.7 Temperature distribution in °C obtained from COMSOL using the coupled analysis. 
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Figure 6.8 Temperature-voltage relationship of type-K thermocouple. 
The temperature can be approximated as: 
5 4 3 2T aV bV cV dV eV f      , (6.7)  
where 
10 5= 8 10 C/Va   , 
8 45 10 C/Vb    , 
7 3= 3 10 C/Vc  , 
2= -369670 C/Vd   , 
25333 C/Ve    , 
 = 0.0 C002 f   . 
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Figure 6.9 Variation of TEP of Inconel 100 with temperature. 
Figure 6.9 plots the variation of the absolute thermoelectric power of Inconel 100 with the 
average temperature. The absolute TEP of Inconel 100 specimen in this case was obtained after 
taking into consideration the temperature dependence of the type-K element. This is the reason 
why the experimental dataset is different from the plot shown in Figure 3.6.  It is observed that 
the values obtained after running the finite element simulation are in good agreement with the 
experimental data. 
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6.4. EFFECT OF INTERFACIAL LAYER ON CONTACT TEP 
MEASUREMENTS 
In the second phase of the simulation, a thin thermally resistive layer of thickness 0.1 mm was 
modeled between the thermocouple electrodes and the Inconel 100 specimen as shown in Figure 
6.10. The thin interfacial layer is shown in red and is exaggerated in Figure 6.10 for the purposes 
of illustration. The thermal conductivity of the thin, thermally resistive layer was varied and the 
corresponding changes in the measured voltages and temperature were studied. The simulation 
was repeated for two different values of thermal conductivity of the interfacial layer namely, 
kinterface=0.9kinconel and kinterface=0.5kinconel.  The properties of the imperfect interface is selected 
after considering the infleuence of different physical parameters on the contact TEP 
measurement. The presence of an oxide layer over the surface of the specimen, industrial grease 
or a layer of dust that has settled over the surface, etc., might have an infleunce on the measured 
thermoelectric signal owing to difference in the conductivity values. The electrical conductivity 
has no effect on the measurement whereas the thermal conductivity plays a crucial role. It is safe 
to approximate the Seebeck coefficient as zero for these cases. For this reason, the thermal 
conductivity values are changed for the computational models. 
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Figure 6.10 Thin, thermally resistive interfacial layer between the Inconel 100 specimen and the 
thermocouple electrodes. 
Figure 6.11 plots the variation of the absolute TEP of Inconel 100 specimen with the 
temperature for different thermal contact resistances. r is the ratio between kinterface and kinconel. 
r=1 denotes perfect contact with no thermal contact resistance between the thermocouple 
electrodes and the Inconel 100 specimen. 
Thin, thermally resistive layer
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Figure 6.11 Variation of TEP of Inconel 100 with temperature for different kinterface/kinconel values 
at the sensing contact. 
From Figure 6.11, it is seen that as the thermal contact resistance increases there is an 
increased offset in the computed TEP values from the perfect contact case. This is due to the 
small, but not entirely negligible heat flow through the sensing contact, that causes a systematic 
error in the temperature sensing. The injecting contact has no influence. 
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CHAPTER VII 
7. CONCLUSIONS 
The main objective of this research work was to develop an exploratory three-point measurement 
device for accurate TEP determination and to overcome the systematic measurement error which 
is inherent in two-point contact TEP measurements. We measured the TEP of Inconel 100 
sample by using permanently attached electrodes and extended our studies to design and develop 
a prototype three-point measuring system with deployable electrodes capable of measuring TEP 
with reduced measurement error. From the experiments, it was recorded that the contact force 
and the thermal contact resistance have substantial influence over contact TEP measurements 
while the electrical contact resistance between the electrodes and the specimen has no significant 
effect on the measured thermoelectric signal. The random measruement error decreased as the 
contact force between the electrode and the specimen was increased up to a point where the 
increase in contact force no longer had an impact on the measured thermoelectric signal. For 
instance, in our experiments both a 0.5 kgf contact force and a 1 kgf contact force yielded similar 
results whereas a 0.2 kgf contact force was not sufficient for accurate TEP measurements. 
In conventional two-point hot tip TEP measuring technique the main source of random 
error is the significant temperature drop across the imperfect interface at the hot electrode 
because of the relatively large heat flux flowing though it. This  problem is bypassed in the three-
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point measurment technique by making use of (i) a separate heating electrode to inject heat to the 
sample thereby avoiding the same path for thermal and electrical current and by (ii) using low 
specific heat capacity sensing electrodes for accurate determination of the junction temperatures. 
This configuration eliminates the systematic measurement error arising from inaccurate 
temperature reading. 
In order to study the effect of imperfect interface in our three-point measurement, 
experiments were performed by stacking different layers of thermal pads between the surface of 
the specimen and the deployable probe. Using separate sensing and heating electrodes ensured 
that the temperature was measured more accurately. However, the addition of multiple layers of 
thermally resistive pads resulted in a significant reduction in the heat transfer between the 
heating element and the specimen and in turn resulted in a substantial drop in junction 
temperature. This meant that the absolute TEP had to be measured at lower junction 
temperatures which resulted in random measurement error not as a result of systematically 
erraneous temperature measurement but because of lower temperature difference between the 
junctions of the two sensing electrodes. This is also the reason why commercial alloy sorters 
measure TEP by employing electrodes whose tips are heated to as high as 150 ˚C like in the case 
of the Walker Scientific ATS-6044T. The temperature range for the three-point TEP 
measurement using the deployable electrodes was between 52.2-52.8 ˚C, assuming that there is a 
very minor change in the TEP over the particularly small temperature range, it can be seen that 
the average absolute TEP is measured to be 14.08 μV/ °C . The systematic error was eliminted 
but there remained a random error of 0.05 μV/ °C associated with the measurement. This is 
still an improvement from the commercial equipments considering the low tempearture at which 
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the measurements are taken and the nature of error itself which can be exploited to suppress the 
random error by averaging a large set of data. 
The experiment was modeled in the commercial FEA package COMSOL and the effect of 
the imperfect interfacial layer was studied by varying different parameters. The studies from the 
numerical model suggested that a weak systematic measurement error manifests itself in the 
form of a relative offset in the Seebeck coefficient from the perfect contact case. This error arises 
because of the imperfect contact interface separating the thermocouple electrodes and the Inconel 
100 specimen increases as the thermal resistance of the interfacial layer increases, thereby 
causing a temperature reading error. The resulting offset in the absolute TEP of the specimen for 
the extreme case was still less than the measurement error encountered in the two-point 
measurement for realistic estimates of thermal conductivity of the interfacial layer. 
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